We have investigated electromagnetically induced transparency (EIT) in two different Λ-systems in 87 Rb atom in D2 line transitions. It is found that observed EIT signals in both the systems (A) (|5 2 S 1/2 F = 1 → |5 2 P 3/2 F = 1 ← |5 2 S 1/2 F = 2 ) and (B) (|5 2 S 1/2 F = 1 → |5 2 P 3/2 F = 2 ← |5 2 S 1/2 F = 2 ) have different strength and lineshape which are dependent on coupling beam power. For a given coupling beam power, the EIT signal with Λ-system (B) has more symmetric lineshape and greater strength than that obtained with system (A). The experimental results are in qualitative agreement with the results of a six-level theoretical model. We have further investigated EIT in both these Λ-systems in presence of applied longitudinal magnetic field and observed that separation between Zeeman split-EIT peaks increased linearly with the strength of the magnetic field. At a fixed value of applied magnetic field, the strength of Zeeman split-EIT peaks in both the Λ-systems increases with increase in coupling beam power. In presence of magnetic field and at higher coupling power, the observed EIT signals (central peaks) have higher slope than that of signals obtained in absence of magnetic field. These studies establish that Λ-system (B) is more useful than Λ-system (A) from applications point of view.
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I. INTRODUCTION
The quantum interference effects in light-atom interaction such as Electromagnetically Induced Transparency(EIT), Electromagnetically Induced Absorption(EIA), Lasing Without Inversion(LWI), Coherent Population Trapping(CPT), etc, have drawn a significant attention of researchers due to interesting physics and their possible applications [1] [2] [3] [4] . The effect of EIT is related to increase in the transmission of a weak probe beam due to presence of a strong coupling beam, both interacting resonantly with an atomic system under appropriate conditions [1, 2] . A keen interest in EIT is due to its applications in quantum information [3, 4] , magnetometry [5] [6] [7] , tight laser frequency locking [8] , slow light propagation [9] [10] [11] , high resolution spectroscopy [12, 13] etc. Many theoretical and experimental works have been reported in a variety of atomic samples under different schemes with an aim to understand the EIT phenomenon in a better way [14] [15] [16] [17] [18] . EIT has been investigated in both cold as well as room-temperature atoms for different pump-probe configurations, namely, Λ-system, Vsystem, and ladder-system [19] [20] [21] [22] [23] [24] .
In this paper, we have investigated EIT phenomenon in two different Λ-systems in 87 Rb atom using a Rb vapor cell at room temperature. The EIT phenomenon in these systems has been reported previously in separate works [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , but in the present work we have investigated these two Λ-systems together in detail and compared their results from application point of view. The schematic of these Λ-systems is shown in figure  1(a) , where system (A) is formed with the transitions |5 2 S 1/2 F = 1 → |5 2 P 3/2 F = 1 ← |5 2 S 1/2 F = 2 and * Electronic address: charumishra@rrcat.gov.in system (B) is formed with the transitions
It has been observed that EIT signal in both the systems has different strength and lineshape, which is dependent on coupling beam power. The observed EIT signals from both the systems have shown sub-natural linewidth even at higher coupling power, in which system (B) gives larger EIT signal with more symmetric lineshape than the system (A). These results are in qualitative agreement with the results of a six-level theoretical model presented in this article. The variations in the EIT signal with the applied magnetic field at a fixed coupling power, and variation in EIT signal with the coupling beam power at a fixed strength of applied magnetic field, have also been studied. At a fixed coupling beam power, the separation between Zeeman split-EIT peaks is observed to increase linearly with the applied magnetic field strength. At a fixed magnetic field strength, both the systems have shown increase in EIT signal with increase in coupling beam power, in which system (B) has shown stronger EIT signals than system (A). As compared to EIT in absence of magnetic field, the EIT signals (central peaks) have sharper slope in presence of magnetic field. Overall, these studies reveal that Λ-system (B) is more useful from application point of view, as it gives more symmetric and stronger signal than system (A).
The article is organized as follows. Section II describes the experimental setup. Our main results and the corresponding discussions are presented in section III. Finally, the conclusion of our work is given in section IV. and (B) are shown in figure 1(a) . In our experiment, we have obtained the EIT signal for two Λ-systems using a weak probe beam and a strong coupling beam. The probe beam frequency was set at transition peak |5 2 S 1/2 F = 1 → |5 2 P 3/2 F = 1 for system (A) and |5 2 S 1/2 F = 1 → |5 2 P 3/2 F = 2 for system (B) and the coupling beam frequency was scanned across the transition |5 2 S 1/2 F = 2 → |5 2 P 3/2 F = 1 for system (A) and |5 2 S 1/2 F = 2 → |5 2 P 3/2 F = 2 for system (B)). The saturation absorption spectroscopy (SAS) technique was used to identify the transition peaks. The scanning of coupling beam frequency makes the detection of EIT peak easier over a flat transmitted probe beam signal.
The schematic diagram of the experimental set-up is shown in figure 2 . The probe and the coupling beams are derived from two independent external cavity diode lasers (TA-Pro and DL-100, TOPTICA, Germany) operating at 780 nm wavelength. The spectral linewidths of these lasers are less than 1 MHz. The 1/e 2 radii of the probe and coupling beams are 1.36 mm and 2.04 mm respectively. In order to make the system Doppler free and insensitive to the atomic velocity, probe and coupling beams were aligned in co-propagating geometry as they pass through a 50 mm long Rb vapor cell [35] . In our setup, the Rb vapor cell was kept inside the three layers of µ-metal sheet in order to shield it from any stray magnetic field. A current carrying coil was wrapped over the cell to generate longitudinal magnetic field. The polarizations of the coupling and probe beams were kept linear but mutually orthogonal. The power in probe beam (P p ) and the power in coupling beam (P c ) were controlled by using the combination of half-waveplate (HWP) and polarizing beam splitter (PBS) in the beam paths. The transmitted probe and the coupling beams were separated after the vapour cell by using a PBS as shown in figure 2. The transmitted probe beam was collected on a photo-diode and the signal was displayed on an oscilloscope.
III. RESULTS AND DISCUSSION
In the experiments we have kept the power of the probe beam fixed at P p = 0.08 mW (Ω p = 2π × 0.8 MHz) and the coupling beam power was varied in a wide 4d 2 , Γ is the natural linewidth (2π × 6 MHz), dipole moment d = µ ij µ 0 and µ 0 = 3.58 × 10 −29 Cm. Here µ ij is dipole transition matrix element between states i and j. Since both the systems (A) and (B) have equal µ ij at the probe transition, the probe beam Rabi frequency Ω p is also equal for both the systems. The transmission of the probe beam as a function of coupling beam detuning, obtained by scanning the coupling beam frequency, shows five absorption dips (a, b, c, d and e) for both the Λ-systems, as shown in figure 3 . This spectral feature represents the absorption due to velocity selective optical pumping which has been reported earlier also [32, 36, 37] . Among these absorption dips, only dip b exhibits EIT peak due to the occurrence of two photon resonance condition. In the present work, we have investigated this EIT peak in both the Λ-systems by varying different experimental parameters.
We first studied the dependence of EIT signal on the coupling beam power in both the Λ-systems. Figure 4 shows the transmitted probe signal as a function of coupling beam detuning ∆ c , for both the Λ-systems, at dif- The asymmetric lineshape of EIT signal can be due to presence of nearby other excited states [38] as well as due to ac stark shift of the levels at higher coupling power [39] . Since the lineshape of the observed EIT signal is asymmetric, so measurement of the full width at half maximum (FWHM) of the EIT signal is difficult. Therefore, the separation between two minima in the EIT signal δ b is taken as width of the EIT signal. The actual FWHM of the EIT peak could be approximately the half of δ b . The measured variation in δ b with the power of the coupling beam for both the systems is shown in figure  5 . We can see that as coupling beam power increases, δ b also increases gradually. The base separation δ b for lower coupling power is shown in the inset to ensure better visibility. On comparing the results for two Λ-systems, we conclude that though both the systems exhibit almost equal δ b for a given coupling power, but they differ in terms of the lineshape and strength of EIT signal. Because of more symmetric lineshape and greater signal strength (figure 4), we find that Λ-system (B) is more suitable than Λ-system (A) for practical applications. We also observed the EIT signal in both the Λ-systems with the variation in strength of the longitudinal static magnetic field B || , while keeping the probe power P p = 0.08 mW and the coupling power P c = 4 mW fixed. The longitudinal magnetic field is generated using a current carrying coil wrapped over the Rb vapor cell (figure 2). In presence of this longitudinal magnetic field, the degeneracy of the hyperfine levels (F and F ) is lifted resulting in splitting of the hyperfine levels in Zeeman sublevels with the energy separation between two nearby sublevels given as
where g F is the hyperfine Landé g-factor, µ B is Bohr magneton and h is Planck's constant. These Zeeman sublevels give rise to multiple Λ-subsystems within each original Λ-system (A) and (B). Also, in presence of the magnetic field, the linearly polarized probe and coupling beams can be decomposed in terms of two opposite circularly polarized σ + and σ − beams. Hence these beams induce transitions between Zeeman sublevels with selection rules ∆ mF = ±1. All these considerations result in splitting of EIT signal into three peaks where two photon resonance condition is achieved at different values of coupling beam detuning ∆ c as shown in figure 6 . This can be explained as follows. Consider a case of Λ-subsystem ( of Λ-system (B)). If we define probe detuning as ∆ p = ν p − ν 0p and coupling detuning as ∆ c = ν c − ν 0c , where ν p is probe beam frequency, ν 0p is the resonant frequency of probe transition |F = 1, m F = 0 ↔ |F = 2, m F = 0 and ν c is coupling beam frequency, ν 0c is the resonant frequency of coupling transition |F = 2, m F = 0 ↔ |F = 2, m F = 0 . Since g F value for excited states (F = 1 and F = 2) and ground states (F = 1 and F = 2) are different, hence separation between magnetic sublevels are also different for ground states and excited states and are denoted as ∆ and ∆ 1 respectively ( figure 1). Now if one looks at the Λ-subsystem with the levels |F = 1, m F = 1 → |F = 2, m F = 2 ← |F = 2, m F = 1 ( figure 1(b) ). Here probe detuning becomes ∆ p = ∆ + 2∆ 1 and coupling de- tuning becomes ∆ c = −∆ + 2∆ 1 . The net difference between the probe and coupling detuning is ∆ p − ∆ c = 2∆. Since we kept ∆ p = 0, the two photon resonance condition required for EIT should be achieved for ∆ c = −2∆. Similar calculations can be made for other Λ-subsystems, and it can be shown that only three different class of subsystems exist for EIT in our case, which correspond to coupling detuning ∆ c = −2∆, 0 and 2∆. This gives us the separation of split-EIT peak from the central peak as ∆ sp = 2∆. This is plotted as a function of applied magnetic field (continuous line) in the figure 7. The experimentally measured values of ∆ sp are shown by circles in the same figure. A close agreement between theoretical and experimental values is evident from the data shown in the figure. A comparison of the EIT signal of both the systems reveals no difference in the separation between the split-EIT peaks, but the EIT strength is higher in case of system (B). The dependence of the EIT signal on power of the coupling beam in presence of applied magnetic field is also studied for a fixed magnetic field strength 3.4 G. Here probe power was kept P p = 0.08 mW and coupling beam power was varied. The results of this study for different coupling power are shown in figure 8 for both the Λ-systems (A) and (B). As expected, the separation ∆ sp depends only on the magnetic field strength and remains unchanged (∼ 5 MHz) for different values of coupling power. However, the height of EIT peaks increases with increase in coupling beam power. At higher coupling power (e.g. P c > 4 mW), the central EIT peaks have higher amplitude as well as steeper slope that can be useful for tight frequency locking [8, 40] . The slope of the central EIT peak in presence of magnetic field is much larger than that in absence of magnetic field. For example, for coupling power 20 mW in system (B), the slope in the central EIT peak in figure 8(v) is ∼ 2 times larger than that in the EIT peak in figure 4(v) . These results show that the magnetic field induced EIT split signals could be better for precise frequency locking of the lasers.
To model our experimental observations, we have considered all the hyperfine levels of ground and excited states of D 2 line transition of 87 Rb atom. This forms a six-level system in absence of magnetic field, as shown in figure 1(a) . Here the levels |0 and |1 represent two ground hyperfine levels F = 1 and F = 2, whereas the levels |2 , |3 , |4 and |5 represent excited state hyperfine levels F = 0, F = 1, F = 2 and F = 3 respectively. According to dipole selection rule, |2 can couple only with |0 , and |5 can couple only with |1 . Because of this, there are only two Λ-systems possible which involve transitions |0 → |3 ← |1 (denoted as Λ-system (A)) and |0 → |4 ← |1 (denoted as Λ-system (B)). We can construct the Hamiltonian for this six-level system, interacting with the probe and coupling fields, after applying the rotating-wave approximation as, 
where ∆ p,c is frequency detuning of the probe beam and the coupling beam respectively, Ω ij p,c is Rabi frequency for transition |i → |j of probe beam (p) and coupling beam (c), δ ij is the separation between energy level of state |i and |j . The non-diagonal element of H is arising from interaction of atoms with fields, i.e. interaction Hamiltonian, and diagonal elements is because of unperturbed Hamiltonian. The terms kv accounts for the thermal motion of the atoms, where v is velocity of atom and k is the magnitude of wave vectors of co-propagating probe and coupling laser beams. Evolution of this atomic system can be described in terms of the density matrix (ρ) by the Lindblad master equatioṅ
Here L(ρ) is the Lindblad super-operator which incorporate dissipative terms of the system. This Lindblad master equation yields thirty-six sets of time dependent equations. Since after a time t ∼ Γ −1 , the atom stabilize to the steady state value, hence steady state solution of these sets of equations is obtained numerically. The imaginary parts of different coherences, Im(ρ 02 ), Im(ρ 03 ) and Im(ρ 04 ) are required to calculate the probe absorption which is related to imaginary part of linear susceptibility, Im(χ (1) ). Since we considered rubidium atoms at room temperature, the imaginary part of susceptibility is averaged over the Maxwell-Boltzman velocity distribution function W(v) [22, 41] and is given as,
where A= 2n 0 , µ 0j is the dipole moment between states |0 and |j , is reduced Planck's constant and n is number density of Rb atoms inside Rb vapor cell. The transmission of the medium is given as,
where α = kIm(χ (1) ) and l is length of the vapor cell. In our simulations we solved equations (3) - (5) to obtain the transmission T as a function of coupling beam detuning. In the simulations, we kept the values of parameters same as used in our experiments. The results of simulation are shown in figure 9 for both the Λ-systems. As shown in the figure, we are able to obtain EIT signal along with velocity selective optical pumping absorption dips for both the Λ-systems, similar to the one observed experimentally (figure 4). In the simulations also, it is found that EIT signal strength increases with increase in coupling beam power. However, the simulated EIT signal is less asymmetric as compared to the experimentally observed signal. This discrepancy may be because of neglecting several aspects about the atomic system in the simulations. These includes ground state relaxation rate, laser linewidth, effect of collisions, spontaneous decay of atoms within hyperfine levels of excited states, etc. In our simulated transmission spectra, system (B) shows EIT signal of higher strength than EIT signal for system (A) which is also in agreement with our experimental observations. Theoretical study of EIT signal in presence of magnetic field is under process and will be reported elsewhere.
IV. CONCLUSION
We have studied the EIT phenomenon for two Λ-systems in the D 2 line of 87 Rb atom and compared their results. First, we studied the dependence of EIT signal on coupling beam power and observed that the signal strength, linewidth and asymmetry increase with increase in the coupling beam power. However, the observed width of EIT signals is subnatural even at higher coupling power for both the systems. In these observations, system (B) gives more symmetric and higher strength EIT signal than system (A). We have modelled both the systems using a six-level scheme, and results of simulations qualitatively agree with the experimental observations. Further, in presence of magnetic field, the EIT signal was observed to split into three peaks, in which separation between peaks varies linearly with the magnetic field for both the systems. At a fixed magnetic field, the strength of Zeeman split-EIT peaks in both the Λ-systems increases with increase in coupling beam power. At higher coupling power, the central EIT peak in presence of magnetic field has higher slope than that of the EIT peak without applied magnetic field. This higher slope in presence of magnetic field is greater in magnitude for system (B) than that for system (A). From these studies, we can conclude that Λ-system (B) is more useful than system (A) from applications point of view.
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